ST-segment elevation was observed in 47 of 720 patients who underwent treadmill exercise testing using 14 ECG leads 1 day before coronary arteriography. This abnormality was detected in lead V. in only 13 of 47 patients (28%) and in lead CM5 in only nine of 47 patients (19%). In 36 patients previous myocardial infarction (27 anterior, nine inferior) was diagnosed on the resting ECG; in all cases the ST-segment elevation during exercise occurred in leads with Q waves. In 34 of 36 patients (94%) a corresponding left ventricular wall motion abnormality was present, usually (33 of 36, 92%) a dyskinetic or akinetic segment. All but two of the 36 patients had a coronary stenosis > 70% in the artery perfusing the involved region.
THE CLINICAL SIGNIFICANCE of ST-segment depression during exercise testing is well understood.' In contrast, the mechanism for exercise-induced STsegment elevation, a more unusual finding, is controversial and the associated clinical and angiographic features vary widely from one study to another.2`9 Many authors2' 5-8 conclude that localized left ventricular dysfunction, which is present in nearly all of these patients,2 accounts for ST-segment elevation during exercise; however, others1 3, 4suggest that severe myocardial ischemia is the cause, because most patients also have critical coronary stenoses. On the other hand, exercise-induced ST-segment elevation has been reported in patients with variant angina. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Most have no evidence of left ventricular dysfunction and some have no fixed coronary stenoses. 27 Finally, Bruce et al.28 noted ST-segment elevation during exercise testing in 0.5% of asymptomatic, presumably healthy subjects.
The number of electrocardiographic leads monitored in these studies appears to influence the clinical characteristics of the patient groups that develop exercise-induced ST-segment elevation. For example, At our institution 720 patients have undergone clinical evaluation and treadmill exercise testing with 14 ECG leads on the day before coronary and left ventricular angiography. The primary purpose of this study was to examine the clinical and angiographic features of the patients in this population who developed ST-segment elevation during exercise. In addition, we have compared the sensitivity of different ECG leads in detecting this abnormality. Methods 
Patient Selection
Maximal treadmill exercise tests using a 14-lead ECG system were performed on 720 consecutive patients 1 day before coronary and left ventricular angiography. Those with unstable angina, associated valvular, cardiomyopathic or congenital heart disease, overt heart failure or limiting orthopedic disabilities were excluded. Patients in whom digitalis preparations and ,3-blocking drugs could not be safely discontinued before testing were also excluded. Because many patients with severe angina or severe heart failure were not tested because of these exclusion factors, the resultant population is biased in favor of those with less severe coronary disease and better left ventricular function.
Two physicians independently obtained a clinical history before exercise testing. Previous myocardial infarction was diagnosed on the resting ECG according to the Q-wave criteria of the Minnesota code. 29 The diagnosis of variant angina was accepted in  patients with spontaneous episodes of typical myocardial ischemic pain at rest if a 12-lead ECG recorded  during pain showed transient ST-segment elevation . 2 mm and if the episodes were of short duration, without evidence of myocardial necrosis.
Exercise Protocol
Upright exercise on a motor-driven treadmill was performed according to a modified Bruce protocol with a 3-minute warm-up at a 5% grade, as described in detail elsewhere. 30 33 Briefly, cuff blood pressure, a standard 12-lead ECG (excluding aVR) and leads CC,, CM5 and CL were recorded each minute during exercise and for 5 minutes thereafter. End points were angina, incapacitating fatigue, incapacitating dyspnea, complex ventricular arrhythmias, attainment of 100% of age-predicted maximal heart rate or an STsegment shift of 3 mm or more compared with the resting ECG. Criteria for significant ST-segment depression were a horizontal or downsloping ST segment depressed . 1 mm for 0.08 second in any lead compared with the resting tracing, or a slowly upsloping ST segment depressed . 2 mm at 0.08 second after the J point.3' ST-segment elevation was measured 0.04 second after the J point and considered significant in any lead if . 1 mm compared with the resting tracing. Three consecutive complexes conforming to one of these criteria were required for a test to be accepted as abnormal.
In the last six patients with documented variant angina who developed ST-segment elevation during exercise, 2 mCi of thallium-201 was injected intravenously 1 minute before the end of exercise. Within 30 minutes of this injection, a gamma camera recorded left anterior oblique, anteroposterior and lateral views, which were subsequently compared with the resting thallium-201 scans. Four of these six patients were subsequently treated with the calcium antagonist nifedipine.34 To clarify the mechanism of exercise-induced ST-segment elevation in this subgroup of patients, exercise testing with thallium-201 was repeated during nifedipine therapy (20 mg orally every 6 hours).
Angiographic Studies
Selective coronary arteriography was performed by a percutaneous transfemoral approach using preformed polyethylene catheters.3' Angulated views of each vessel were routinely filmed. 36 Patients with suspected or documented variant angina were not given nitroglycerin before angiography, but if coronary stenoses were present the involved vessels were restudied in multiple views after nitroglycerin administration. Ergonovine was not routinely administered to induce coronary spasm during angiography.37
Each arteriogram was interpreted by an experienced cardiovascular radiologist unaware of the exercise test results.
The left ventricle was opacified and filmed in the 300 right anterior oblique view before coronary arteriography. Ejection fraction was calculated by the area-length method38 and wall motion abnormalities were evaluated qualitatively using standard terminology. 39 The clinical and angiographic data were correlated in patients who developed ST-segment elevation during exercise.
Results
In 47 of the 720 patients (6.5%) ST-segment elevation developed or increased during exercise testing. Of the 202 patients with prior myoccardial infarction, 36 (17.8%) had ST-segment elevation with exercise. Ten (30%) of the 33 patients with documented variant angina and one additional patient with no evidence of either previous infarction or variant angina also developed ST-segment elevation during exercise. Two groups of patients with exercise-induced ST-segment elevation could be distinguished according to the presence or absence of previous myocardial infarction.
Patients with Myocardial Infarction on Resting ECG
The clinical, angiographic and exercise test data for the 36 patients in this group are listed in table 1. In 27 patients the electrocardiographic site of infarction was anterior and in nine the site was inferior. Treadmill duration time, maximal heart rate and pressure-rate product were similar for anterior and inferior infarction. In 23 cases the test was stopped because of incapacitating fatigue or dyspnea, in one case because of a ventricular arrhythmia, in five cases because maximal age-predicted heart rate was attained and in only seven cases because of angina.
The site of ST-segment elevation during exercise was in the anterior precordial leads for all 27 patients with anterior infarction; however, in only 10 of 27 was lead V5 abnormal and in only six of 27 was lead CM, abnormal. No one precordial lead detected all 27 cases, but leads V, and V3 were most sensitive, detecting 24 (89%) and 22 (8 1%) of 27, respectively. STsegment elevation . 1 mm was already present on the resting ECG in 24 of the 27 patients, always in the leads with pathologic Q waves. Exercise-induced STsegment elevation (compared with the resting ECG) always occurred in one of the leads where the ST segment was already abnormal at rest, but it did not necessarily occur in all such leads, nor was it necessarily restricted to these leads. In all but two of the 27 patients the left ventricular angiogram revealed a segmental wall motion abnormality at the site corresponding to the ECG leads that showed ST-segment elevation; two of these segments were hypokinetic, 10 akinetic and 13 dyskinetic. Twenty-five of the 27 patients had a left anterior descending coronary stenosis of 70% or greater: nine of these arteries were completely occluded and in 20 of 27 the stenosis was . 90%0. In both patients with stenoses K 70%o, the artery 287 T1   12  T3  13   1   T3  12  12   T1 T1   1   12  12  T2  T1 T1   1   1T  T1  T2   T2  T2  T1  T2  T1  12   T2 T3   T1   12  T1   T2  13  12   Tl   12   1   12  t2   Tl  T1 tl   1   Ii  12  T1   21   1   12  1   I1  T1 T1   12 1' FIGURE 1. ECG at rest and at the end of exercise testing in a patient with previous inferior myocardial infarction (patient 7, subgroup B, table 1). At rest the ST segment is normal, but during exercise it becomes elevated in leads 2, 3, aVF and CL. No significant ST-segment shifts occur in other leads. The first ECG in each pair is at rest; the second is at the end of exercise.
was 67% (six of nine), lead 3 89% (eight of nine) and lead aVF 89% (eight of nine). In contrast to the patients with anterior infarction, none of the nine patients with inferior infarction had resting STsegment elevation in the inferior leads. Two had slight anterior ST-segment elevation compatible with early repolarization.
At left ventriculography an akinetic inferior wall was discovered in all nine patients with exerciseinduced ST-segment elevation in the inferior leads. All nine had a coronary stenosis > 70% in the artery perfusing the akinetic segment; in eight cases a dominant right coronary artery and in the remaining case a dominant circumflex coronary artery. Multivessel disease, defined as including coronary stenoses > 50%, was present in eight of these nine patients. In five of these nine cases ST-segment depression appeared during exercise in one or more anterior leads; V, was one of the positive leads in all five cases, V5 in only one instance and CM, never.
Overall, 12 of the 36 patients with previous infarction had single-vessel disease. None of these 12 patients stopped exercising because of angina or stopped before 9 minutes. ST-segment depression appeared during exercise in other leads in four of these 12 cases and was present in nine of the 24 patients with multivessel disease (p = NS).
Patients without Myocardial Infarction on Resting ECG
The clinical, angiographic and exercise test data for the 11 patients in this group are listed in table 2. The ECG during exercise ( fig. 2 ) and the accompanying thallium-201 scan ( fig. 3 ) are shown for one patient (table 2, patient 11). In contrast to the patients with previous infarction, 91% (10 of II) of the patients in this group stopped exercising because of angina. The single exception was the only patient in the group without documented variant angina (table 2, patient l); his coronary arteriogram revealed two-vessel disease and his left ventricular angiogram was normal. His ST-segment elevation reached 3 mm in lead V3, but at the same time in leads V, V6, CM, and CL 1 mm of ST-segment depression was present.
Although several of the remaining 10 patients gave a vague history of exertional angina, all had had typical myocardial ischemic pain at rest associated with transient ST-segment elevation. In all 10 cases the ST-segment elevation during exercise testing was in the same ECG leads as during spontaneous episodes of variant angina, anterior in five patients and inferior in the other five. However, leads V5 or CM5 detected ST-segment elevation in only three of these 10 patients. The limitations of monitoring only one of these two leads is illustrated by the tracing in figure 2: 290 ClIRCU LATION at the time when the inferior leads show 6-10 mm of ST-segment elevation, CM5 shows only 1 mm of STsegment elevation and in V5 the ST segment is depressed and rapidly upsloping. The sensitivity of various lead combinations for detecting ST-segment elevation is summarized for both this and the other subgroups in table 3 . Angina and ST-segment elevation began during, not after, exercise testing in all patients in this group, although in most patients the ST segment reached its peak within 60 seconds after the test was stopped. In no case did angina last for more than 2 minutes after the end of exercise. All ST segments normalized within 5 minutes. ST-segment depression was detected before ST-segment elevation during exercise in only one case (table 2, patient 6). The onset of angina occurred coincidentally with the onset of ST-segment elevation in all patients except one (patient 6).
Only three of the 10 patients with variant angina had a fixed coronary stenosis . 70% at coronary arteriography; six had no coronary stenosis > 50%. Left ventricular angiograms and end-diastolic pressures were normal in all 10 cases. The angiographic findings in these patients contrast sharply with those noted above in patients with previous infarction.
To clarify the significance of ST-segment elevation during exercise in patients with variant angina, thallium-20 1 was injected before the end of exercise in the last six of these patients and the scan compared with a resting, control thallium scan. In all six patients a large, clear-cut hypoperfused region was discovered and in all cases this zone corresponded to the ECG leads where ST-segment elevation had occurred. All control thallium scans were normal. In eight of the 10 patients with variant angina, ST depression was noted in other ECG leads coincident with the ST-segment elevation during exercise, although in no instance did the magnitude of the ST depression equal that of the ST-segment elevation. Four of the eight patients with this finding had thallium scans and in no case was a zone of decreased perfusion found in a region corresponding to the site of ST-segment depression.
To elucidate the mechanism causing ST-segment elevation during exercise in patients with variant angina, four of the patients were retested during treatment with the calcium antagonist nifedipine. No STsegment abnormalities or thallium perfusion defects occurred in any of these repeat tests and the end point in all four cases was fatigue, not angina.
Discussion
The results of this study suggest that ST-segment elevation occurs during exercise testing in two groups of patients, and that the clinical, electrocardiographic and angiographic findings in these two groups are distinctly different.
In patients with previous myocardial infarction, ST-segment elevation may develop or increase in ECG leads where Q waves are present. If the site of in-farction is anterior, some resting ST-segment elevation is usually already present in these leads, but not if the site is inferior. Left ventricular angiographic findings in this group of patients correlate well with the electrocardiographic findings: 34 of 36 patients (94%) had segmental wall motion abnormalities at rest in the zone corresponding to the site of ST-segment elevation, and in 33 of 36 (92%) this zone was akinetic or dyskinetic. The coronary arteries perfusing these segments were nearly always severely stenotic or completely occluded.
This group of patients has features that are similar to those of the group described by Chahine et al.,2 except that the ECG lead system used in their study did not permit detection of right coronary artery and inferior wall abnormalities. The suggestion made by Chahine et al.,2 that segmental left ventricular dysfunction and not myocardial ischemia causes the ST-segment elevation in these patients, seems reasonable, as nearly all have akinetic or dyskinetic segments, and exercise-induced ST-segment elevation is rare with normal resting wall motion even in the presence of severe coronary stenoses. The fact that less than 20% of these patients develop angina during exercise further supports this hypothesis. In addition, ST-segment elevation often accompanies chronic left ventricular aneurysm on a resting ECG and is not considered the result of myocardial ischemia. 40 4 In contrast to this group, 11 of the 47 patients with exercise-induced ST-segment elevation had normal resting ECGs, no clinical history of myocardial infarction and normal left ventriculograms. In 10 of these 11 cases, variant angina had been documented before exercise testing. Although the syndrome of variant angina is usually characterized by resting angina and a preservation of exercise capacity,'0 44 many cases have been reported with pain and ST-segment elevation during or immediately after exercise.'1027 The cause of this abnormality is unlikely to be the same as in the preceding group of patients, because most of these patients have normal left ventricular angiograms and some have no fixed coronary artery stenoses. Coronary artery spasm has been shown to be the cause of episodes of variant angina at rest,45 and several lines of evidence suggest that coronary spasm also accounts for the ST-segment elevation during exercise in these patients. First, episodes during exertion are similar in character and duration to resting attacks and ST-segment elevation occurs in the same ECG leads. Thallium scans show large perfusion defects in the segment corresponding to the site of ST-segment elevation; resting thallium scans are normal. Some of these patients have no fixed coronary stenoses and when fixed lesions are present they are often not severe. Recently, coronary artery spasm has been demonstrated angiographically during exerciseinduced angina with ST-segment elevation in several patients with variant angina.481 49 Thus, we conclude that the cause of ST-segment elevation during exercise in this group of patients is coronary artery spasm. Normal Normal angina and ST-segment elevation occur in patients with variant angina, segmental akinesis or dyskinesis is transiently present. Thus, the ventricular mechanical abnormalities during exercise may be similar in both groups of patients with ST-segment elevation during exercise. This could be confirmed by studying these patients with radioisotopic ventriculograms during exercise.
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Some of the patients who develop ST-segment elevation during exercise also have ST-segment depression in other ECG leads. This finding correlated with the presence of multivessel coronary disease in a study of postinfarction patients reported by Weiner et al.5 Applying their criteria for a significant coronary stenosis (> 70%) and their lead system (standard 12 ECG leads) to our group of patients with previous infarction produces results that do not attain statistical significance: eight of 17 patients with multivessel disease and three of the 19 patients with single-vessel disease developed coincident ST-segment depression during exercise. The possibility that ST-segment depression might be the primary abnormality and STsegment elevation a mirror-image phenomenon seems unlikely because coexistent ST-segment depression was absent in 23 of the 36 patients. Moreover, the coronary arteries opposite the region exhibiting STsegment elevation were free from significant coronary stenosis in 13 of the 36 cases.
In the group without previous infarction, STsegment depression occurred with ST segment elevation in nine of eleven patients. Thallium was injected during four of these nine exercise tests and in none of the four was a zone of decreased perfusion found that corresponded to the ECG leads with ST-segment depression. Therefore, the ST-segment depression in these cases probably represents a reciprocal image of the elevated ST segment and not an additional ischemic zone. Similar reciprocal ST-segment abnormalities are commonly noted during the acute phase of myocardial infarction. These findings suggest that the occurrence of ST-segment depression in conjunction with ST-segment elevation during exercise testing may not always accurately predict the presence of associated coronary disease.
The prevalence of exercise-induced ST-segment elevation in both our entire study population (6.5%) and the subgroup with previous myocardial infarction (17.8%) is probably highly dependent upon the clinical criteria required for admission to our study. All patients were about to undergo coronary arteriography and those with unstable angina or overt heart failure were excluded.
In this study, 14 ECG leads were recorded each minute both during and immediately after exercise. Previous studies from our laboratory have shown that this lead system increases sensitivity without decreasing specificity in men with typical or probable angina.30 33 The value and limitations of 14 ECG leads have also been described in men with atypical angina33 and in men with previous infarction.54 As ST-segment elevation occurs only infrequently during exercise testing, the sensitivity of various ECG leads in detecting this abnormality should not be one of the criteria used to determine which leads should be monitored during routine testing. However, in patients with previous transmural myocardial infarction, we recommend that at least one ECG lead be recorded over the site of infarction, because ST-segment elevation develops frequently in this group and its occurrence provides insight into the underlying coronary artery and ventricular wall motion abnormalities. As illustrated in table 3, isolated recordings of lead CM5 or V5 will not detect ST-segment elevation during exercise in most of these patients.
Exercise testing might occasionally be a helpful noninvasive method to confirm the diagnosis of variant angina, but the results of this study suggest that sensitivity is low (30%, ten of 33 SUMMARY Available estimates of the ratio of wall thickness to luminal radius of human coronary arteries and certain geometrical assumptions were used to calculate the amounts of vascular smooth muscle shortening required to produce specific changes in luminal diameter for hypothetical "normal" and stenotic arteries. The results indicate that even modest mural thickening due to disease may act as a "lever" in translating physiologic degrees of medial smooth muscle shortening into critical luminal obstructions, providing the diseased segment maintains some pliability. The possibility of acute luminal occlusion occurring at stenotic sites as the result of "normal" vasomotion is illustrated. The appropriate use of the term coronary arterial "spasm" is discussed in light of these observations. THE ANGIOGRAPHER'S VIEW of the coronary arteries is obtained from "shadows" cast by the bloodcontrast medium as it is confined by the vessels' luminal borders. Quantitation of vasomotion observed by angiography is thus limited to comparing the luminal diameters in two or more states of vasomotion. Because we cannot see the arterial wall itself, we do not always appreciate the changes occurring in it that produce the variations of luminal dimension we call "vasomotion." In this paper, I use elementary geometric principles to reconstruct some of the changes that can occur in the wall of a large coronary artery during vasomotion. Understanding of these changes is essential before a
